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By C. Yaker, C. ¥. Robards, and F. B. Garrett

- SUMMARY

An Investigation was conducted to determine

the mechenisms of

failure of turbine blades of. Hastelloy B, a forged nickel-base alloy,
and Stellite 21, s precision-cast cobalt-base alloy, when operated
in a J33-9 turbojet engine. The blades were alternately spaced in a
16-25-6 alloy rotor and subjected to simulated service operation con-
sisting of 20-mlnute cycles (15 min at rated speed and approximately
S min at idle) The englne conditions at rated speed were 11,500 rpm
and a gas temperature of 1250° F at the exhasust-cone outlet. For these
operating condltions, the estimeted mexinmum blade temperature in the
normal zone of fallure was 1500° F and the centrifugal stress in this
zone was 25,000 pounds per square inch for the Hastelloy B and

21,000 pounds per square inch for the Stellite 21 blades.

The results of stress-rupture tests on specimens cut from blades
indicated that the minimim blade l1life at rated speed should be
10.3 hours for Hastelloy B and 21 hours for Stellite 21. The first
Hastelloy B blade failed after 14.25 hours (57 cycles) at rated speed;
the first Stellite 21 blade falled after 16.75 hours (67 cycles).
Both of these failures originated at the trailing edges of the blades
and were probably the result of excesslive vibratory stresses. Inter-
crystalline cracking of the stress-rupture type was detected in both
alloys after 16.75 hours (67-cycles) of operation. Additional fallures

of Hastelloy B blades occurred after 18.47 hours

(L 74 cycles) and

28.75 hours (115 cycles) at rated speed as a result of the propagation

of the previcusly formed intercrystalline cracks.

These fallures

progressed by both fatigue and stress-rupture mechanisms. After

28.75 hours of operation, all but three of the originasl 27 Hastelloy B
blades had either failed or contalned stress-rupture-type cracks.

No additional Stellite 21 failures occurred up to 28.75 hours

(115 cycles) at rated conditions except two blades fractured by impact

GENHDENTIAL.
UNCLASSIFIED
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with the fractured half of a Hastelloy B blade. After 28.75 hours of
operation, stress-rupture-type cracks had formed in four of the
original Stellite 21 blades.

1
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INTRODUCTION

One of the prineipal factors limiting the performance time of gas
turbines used In current jet engines is the operating life of the
turbine blades. Improvement of blade life is therefore one of the
primary objectives of current gas-turbine research. Leboratory evalu-
ations of heat-resistant alloys have esteblished such elevated-
temperature properties as stress rupture, creep, and fatigue strength
with the reallzation that one or a combination of all these properties
may define the life of a turbine blade. Before an alloy can be selected
for use as a blade material, however, a determination of the relative
importance of 1its various physical properties’ in defining blade 1life
is necessary.

Engine operation of a turbine blade can result in the following
types of failure:

eep-rupbure ure, re ng from centr strese an
1) Cr ture fall: sulti fr trifugel str da
temperatures

(a) Creep failure, blade elongation in excess of defined
limits

(p) Stress-rupture fallure, blade fracture before elongation
exceeds defined limits

(2) Fatlgue failure, blade fracture due to alternsting stresses

(3) Thermal-shock failure, blade fracture due to thermal stresses
resulting from temperature gradlents

Fallures can also result from the combined effects of several mechanisms,
for example, a fatigue fallure originating at a crack produced by thermal
stresses. Another type of fallure is that resulting from damsge pro-
duced by other blade fallures or failure of other engine components.
Because these fallures occur as the result of extracrdinary conditions,
they will not be considered 1n evaluating the performence of the blades.

A comperison of the results of blade performance in a gas turbine
with existing data from stendard lsboratory tests, when combined with .
a determination of the mechanisms of blade failure, should yleld s
basls for predicting blade life from the known high-temperature proper-
ties of an alloy.
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As part of the over-all program to investigate heat-resistant alloys
for use in turbojet engines, an investigation was conducted at the
NACA Lewls laboratory to determine the high-temperature properties
that define the turbine-blade life of & forged nickel-base glloy,
Hastelloy B, and a precision case cobalt-base alloy, Stellite 21.

The blades were alternately mounted in & 16-25-8 alloy rotor and
operated under cyclic (simulated service) conditions in a J33-9
turbojet engine. At Intervals during the engine operation, the
turbine blades were measured to determine the amount of blade creep
and inspected for evidence of failure or damage. Simultaneously with
the engine operation high-temperature stress-to-rupture tests were
conducted of specimens cut from the airfoil section of blades of each
elloy to allow a comparison of the stress-rupture life of the blade
with engine 1ife. At the conclusion of operation, all blade and
stress-rupture specimen fallures were examined metallurgliecally to
determine the nature of the origin of failure and the mechanism of
failure propagation.

APPARATUS AND FROCEDURE

Turbine Blades

Febrication history. -

Nominal Stellite 21 Hastelloy B
chemical : (reference 1) (manufacturer's data)
composition
C Cr Mo Ni c Mo Fe Ni
0.20- 25.00- 5.00- 1.75- 0.12 26.0- 4.0- Remsin-
«35 29.00 6.00 3.75 msx. 30.0 7.0 der
Mn Ssi Fe Co
1.00 1.00 2.00 Remain-
max. mex. max. der
Fabrication : Precislon cast Forged
Heet treatment None 2 hr-at 1900° F, air-
cooled

4 hr at 1500° F, air-
cooled
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Preingtallatlon inspection. -

Rediographic S _ All blades without flaws
Optical _ Cross-sectional areas of several blades
comparator . measured; stress distributions calculated

by method described in reference 2

Installation (fig. 1). -

Rotor 16-25-6 alloy

Total munber of blades 54

Blade positions ) - Alternsted, with Stellite 21 blades odd
numbered and Hastelloy B bledes even
numbered

Engine Operation

Engine. - (Engine, fuel, and engine instrumentation described in
reference 3)

Type Turbo et

Designatlion J33-9

Nomlnal thrust 4000 1b -
ompressor Dual-entry centrifugal

Combustion chambers 14

Operating cycle®. -

Duration Rotor speed Gas tempersture at

(rpm) exhaust-cone ocutlet
(min) | (sec) (°F)
4 30 | 4000 % 50 1110 max.
15 | Acceleration ta | 1450 * 50
11,500
15 o | 11,500 ¥ s0 1250 T 20
0 15 | Deceleration to 1260 max.
4000

&¢yclic operation wes employed during this investigetion to
similate the starting and shutdown conditions encountered
in service.

2977
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Observations between engine operations. -

Measurement of blade snd Optical extensometer readings of en

wheel elongation accuracy of T 0.0001 in. -between gage
marks on two blades of each alloy and
on the turblne wheel (see fig. 2)

Locatlon and detection  Visual examination during engine
of blade cracks shutdown and overhaul

Blade Specimen Stress-Rupture Tests

Loading system Simple beam acting through system of
knife edges

Furnace ; Resistance type

Temperature control " TLess than 5° F variation along specimen;

- average temperature veristion ¥ 2° F

Specimens Cut from center of blade airfoil section
(see fig. 3) :

Test conditlons Stress and tempersture same as egtimated
at midpoint of blade during engine opera-
tion

Blade Examination after Testlng

Determination of reduction Optical comparator
in area of & blade of each
alloy

Exeminaetion of surface Low-power microscope
condition and fractures

Location of blade cracks Fluorescent-oil examinaetion

Hardness distribution Rockwell hardness tester

along bledes

Microexamination of blade Standard metallurgical équipment and
and stress~rupture speci- procedures '

men failures
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RESULTS
Blade Stress Calculations

The results of the stress determinations based on the measured
cross-sectional areas and 11,500 rpm for the two alloys Hastelloy B
end Stellite 21 are plotted in figure 4. ~The sitress curves are based
on the average aress of six blades and an engine speed of 11,500 rpm. .

Stress-Rupture Tests

The results of the rupture testis on the individual Hastelloy B
and Stellite 21 specimens cut from blades are listed in table I.
Microscopic examination of broken stress-rupture specimens indicated
that the stress-rupture fractures were intercrystalllne in both alloys
(figs. 5 and 8).

Engine Operation

The results of engine operation and the blade examination after
testing are listed chronologically in table II and the types of- failure
encountered are shown in figures 7 to 14.

Blade Elongstion

The results of the elongation measurements on the blades are pre-
gented in figure 15. Figure 16 shows the time-elongation curves for
the entire blades and for the gage sections with a total elongation at
the conclusion of test of greater than 1 percent. There was no messure-
able elongation in the 16-25-6 alloy turbine rotor. T '

Blade Reduction in Area

The results of the reduction in srea messurements of a Hastelloy B
blade after 28.75 hdurs (115 cycles) of operation are shown in
figure 17. These resulte are only qualitative lnasmuch as they repre-
sent the change in area of a single blade compared with theaverage
erea of the Hastelloy B blades prior to operation. The measurements
of the area of a Stellite 21 blade after operation did not indicate
any measureable reduction in ares. :

B9T2
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Surface Condition and Oxide Coloring of

Blades and Blade Fractures .

The Stellite 21 blade surfaces after 28.75 hours (115 cycles) of
operation were coated wilth a thin dark-gray oxide and exhibited the
Yalligator skin" appearsnce characteristic of deformation in coarse-
grained alloys, as described in reference 4. (See fig. 18.) The
Hastelloy B blade surfaces were coated with a flaked dark-brown-to-
purple oxide and exhibited a slight smount of oxide pitting. The
fracture surfaces of &ll Hastelloy B blades were coated with a
simllar oxide pattern, a dark-gray oxide at the fracture origin that
changed to a blue temper color as the fracture progressed across the
blade. This same color pattern also exigted on the fracture surface
of Stellite 21 blade 25. The colorings of the fracture surfaces of
Stellite 21 blades 1 and 3, however, were anomalous in that they were
entirely a straw temper color.

Herdness Distribution along Blades after Operation

Typicel hardness-distribution curves are shown in figures 19 and
20 for the Hastelloy B and Stellite 21 turbine blades, respectively,
after 28.75 hours (115 cycles) of operation. Each point on these plots
represents en agverasge of three to five Rockwell-A hardness values.
The hardness distributions in the blades that failed were generally the
same as those 1n figure 19. These plots indicate that the maximum
hardness occurs asround the center of the airfoll section of the blades.

The hardness of as-recelved blades of these alloys ranged from a
Rockwell-A of 63 to 65 for Stellite 21 and 55 to 57 for Hastelloy B.
Manmufacturer's data on these alloys indicate that age hardening occurs
at 1500° F (the maximm blade temperature in the engine) and that the
hardness changes observed at the point of maximum hardness are of the
order of magnitude that would be expected for the times the blades were
in operation.

DISCUSSION OF RESULTS
Blade Stress and Temperature

Before a ¢omplete analysis of the results of this investigation
can be made the stress and temperature conditions to whlch the blades
are subjected in the engine must be established. Earlier investige-
tions of temperature distributions in turbine blades (reference 5)
indicate that the maximum blade temperature occurs about at the middle
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zone of the airfoll section of the blade or about 2 inches from the

top of the blade xroot. Although no temperature distributions are
aveilsble for the gas temperatures used in thies investigation, measure-
ments at this laboratory of the maximum blade temperature at rated
speed indicate that for an average gas tempersture of 1250° F (measured
at the exhaust-cone outlet) the meximm blade temperature ranges from
1450° to 1500° F depending on the operating characteristics of the
engine. The zone of maximum temperature is generally the failure zone
of the blades in this engine.. From the average stress dlstributions

at rated speed for these alloys (fig. 4), the centrifugal stress at

the midpoint of the girfoll section of the Hastelloy B blades is
established at 25,000 pounds per square inch and the Stellite 21 blades
at 21,000 pounds per square inch. These gtresgses have been selected _. . o
as the critical stresses in the blades because they occur at the o
estimated zone of blade failure and the point of maximum blade tempera-

ture. At the midpoint of the blede during operation, therefore, the

combined averasge stress and maximum tempersture are 25,000 pounds per

square inch and 1500° F for Hastelloy B_and 21,000 pounds per square

inch and 1500° F for Stellite 21.

29T2 .

Comparison of Leboratory and Engine Tests .

The results of the strees-rupture and engine tests of the
Hastelloy B and Stellite 21 blades are compared with evailable strength
data for these alloys in figure 20. All the blade failures are plotted
on this curve, although some of the faillures appsrently were not of the
stress-rupture type, to determine if stress rupture might have con-
tributed to initiating failure even though metallurgical examination
revealed no evidence of stress-rupture cracks. The design stress-
rupture date of the manufacturer for Hastelloy B at 1500° F, although
a heat treatment different from that of this investigation was used,
compare favorably with the results of the rupture tests on specimens
cut from blades. At s stress of 25,000 pounds per square inch, the
memifacturer's data indicate a rupture 1life of 12 hours; the blade _ -
specimens had rupture lives ranging from 10.3 to 19.2 hours, or within
the range that might be expected from the mamufacturer’s data. In the
case of the alloy Stellite 21, the results of the blade-specimen
rupture tests fall within the stresg-rupture band for the alloy. For
a maximum blade temperature of 1500° F, the minimum rupture 1life of
the Hastelloy B blades at the average stress of 25,000 pounds per
square inch would be 10.3 hours, the minimum rupture life of Stellite Z1
blades at the average stress of 21,000 pdunds per squsré inch would be
21 hours (minimum predicted by stress-rupture band). .

From the results of the engine operation, the first Hastelloy B
blade failure occurred in the tralling edge of blade 14 after
14.25 hours of operation or within the range predicted by the stress-
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rupture tests (fig. 20). This failure, however, could not be classed
as a stress-rupture failure because unlike a rupture failure, it was
transcrystalline in its propagation and had a smooth fracture surface.
The fallure started at a point on the blade gbove the zone of critical
stress and maximum temperature (fig. 7). From the neture of the
fracture, therefore, vibratory stresses were probably a principal

cause of this first failure. After 16.75 hours of operation, the
majority of the remalining Hastelloy B blades developed intercrystelline-
leading-edge cracks characterigitic of the stress-rupture failures of
the blade specimens. Inasmich sg this operating time was within the
stress-rupture failure times expected from operating conditions, these
cracks can be considered as evidence of the beglinning of blade failure
by stress rupture. The distribution of these cracks along the leading
edge (fig. 11(a)) suggests that corrosion or localized hot zone along
the leading edge may have been partly responsible for thelr formation.
However, the correlation of the nature of the crack propagation and

the time of the crack formation with the results of the stress-rupture
tests on blade specimens indicates that other contributing causes. such
as corrosion are of less importance. As the englne operation continued,’
the remaining Hastelloy B blade fractures progressed from these leading-
edge cracks. The Ffglilures progressed by two mechanisms, fatigue and
stress rupture. Hastelloy B blades 4 and 34 (figs. 11(b) and 11(d))
fractured after 18.47 hours of (1.72 additional hr) operation as a
result of & condition favorable for fatigue fracture having been set up
by the leading-edge cracks. The vibratory stresses in the blades were
therefore merely propagating a fallure originated by stress rupture.

In Hastelloy B blade 54 after 28,75 hours (12 sdditional hr) of opera-
tion, fracture occurred by the progression of the initial crack across
the blade continued by a stress rupture following an intercrystalline
path. Some of the orlginsl Hastelloy B blades were still in operation
at times in excess of the predicted rupture life, which would be
expected since a complete stress-rupture band for the slloy was unavail-
able, making the meximum blade life unknown. All but three of the
origlinal 27 Hastelloy B blades, however, had cracked or fractured at
the conclusion of operation, Indicating that failure had started in all
but three blades. . :

In the case of the Stellite 21 blades, the first blade falilure
(blade 25) occurred after 16.75 hours, which is below the predicted
rupture life of 21 hours. Like the first Hastelloy B failure, the
fracture started at the trailling edge and was not of the character-
istic stress-rupture type inasmich as 1t was transcrystalline in its
propegation and had smooth Ffracture facets. Alsc like the first
Hastelloy B failubte, fracture started at a point sbove the zone of
eritical stress and maxinum tempersture. As in the case of the first
Hastelloy B blade, therefore, vibratory stresses were largely responsi-
ble for this fracture. At this same time (16.75 hr), intercrystalline
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cracking was detected 1n two Stellite Zl blades. The nature of

this cracking is characteristic of the beginhing of failufe by Btress
rupture. Beécdusé the First cracked Stellite Bl bladés were removed
from the engine; their esxact 1life cannct be determined. Howevef,
because seven of ten cracked Hddtellby B bldaflés left in the engine at
the same time operated for 12 additionsl hours without fallire, the
cracked Stellite 21 blades WoUuld Pprobably have sperated for the length
of time predicted by the rupture band béfofé Failing. At the conclusion.
of operstion, Stellite 21 blades 1 &3 3 Were fractured. IThagmich &8
blades 1 and 3 were closé to the fPactured vlade 54 (fig. 14), failureé
wag probasbly ceigéd by impact with the tipper half of the fracdtured
bladé. This mechanism of failure 1ls corioborated by the following
facts: (1) The fracture surfaces were not of the stressé-rupture or
fatigue type, and (2) the fracture surfacés webe covered completely
with a light straw color indicating that the entire firdtture occurred
at the same time and that the surfaces we¥e &xposed for only & very
short time. Because theSe failures aré thé result of extraordinary

elloy Stellite Zl The only additionsel evidence of failure in
Stellite 21 at the coancliision of operation were the two additional
blades that had formed intergranuldr cracks of the stress-ruipture type
after 28.75 hours of operation.

Blade Creep

The creep characteristics of the alloys during engine operation
In the case of the Hastelloy B blades, when c¢racking started at
16.75 hoursg the two blades that were medsured had an eloungation in the
gage sectlon. of greatest stretch of 5 percent. One measured blade;
Hastelloy B bladé 54 (fig. 16(b)),shows some evidence of third-stage
creep at 1B6.75 hours but this change in the curve may be not signifi-
cant inssmuch as the same effect in blade 40 (fig. 16(a)) d4id not con-
timue with further opeération. After 28.75 hours of operation, blade 40,
the other measured blade, hdd a makimum eléngation of 8 percent.
Blade 54 fractured so that no finsl elongation datsa could be determined.
Unfortunately no data were gveilable in the literature for Hastelloy B
to check with the data for creep chsaradteristics in the engine.  The
zone of maximim elongation varied in the two scribed bladesi in
blade 54 it was gage section 3 (from l% to I% in. £from the top of the
root) and in blade 40 it was gbge Sedtion 4 (from l% to 2% in. from
the top of the root). These differences are probably the result of
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dimensionsl differenceg between the blades that produced different
gtrese distributions. The results of the blade-hardnesg and reduction-
in-gres measpurements of the Hastelloy B blades both indicate that the
elongation megeurements sre fairly relisble in defiping the gone of
maximum gtress and temperature effect in the blades.

In the case of the Stellite Bl blades (figs. 16(c) and 16(4)), at
the time that first g;gggs were noted (after 16.75 hr of operation) '
maximm elongations of arqund 2 percent existed in gage section 4 on

7 3
the blades. Thig gage section, which ig from 1z to 27 inches from

scribed bledes, The curves in figures 16(c) and 16(d) also shoy &
slight change in glopre at ghout 2-percent elongation. Because first
cracks were algo noted at 16.75 hours, this time probably marks the
initigtion of third-stasge creep, Although the sensitivity of the method
of creep meagurement ig probsbly not high epough to mske thig chenge

in glope of the time-elongation curveg gignificant, the results are
somewhat copnfirmed by the work of other lnvestigators. The dats in
reference 7 lpdicate that Stellite g1 when rupture-tested at a tempera-
ture of 150Q° F and s stresg of 20,000 pounds per square inch will enter
third-gtege creep at elongationg of gbout 2 tg 3 percent, The time-
elongation curves for both the 8tellite 31 and Hastelloy B blades also
illustrate the unrellgbility of totgl blade-elongation measuyrements as
a means @f predieting the creep characteristics of an alloy during

service aqperation. The regults plotted in Ffigure 16 indicate that the

stntd

Prediction of Blade Iife

The regultg of the bladexoperation and blade-elongation measurements
indicate that the engine life of alloys Stellite 81 and Hastelloy B as
turbine hlades in the enesine used in thig investigation can be defined
ta some extent by their creep and rupture properties. Although the
number of fractured blades of each sample was small both alloys had
s mymber aof cracked hlaedes, In the case of the shorter=lived Hastelloy B
blades, 88 percent of the blsdes were either fractured or cracked. In
the case of the longer-lived Stellite 21 blades, 15 percent of the blades
were cracked. These firast eracks serve as the probable muclei of fatigue
failures and slthough the rupture life of the alloy extends beyond this
point the probghility of failure has been greatly lncreased by these
cracks and further operstion of thege hlades is undesirshle. The defin-
ing point ip the life of these blades was therefore the time of inlti-
ation of gitresg-rupture cracks. The initiating of this first cracking
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ig probably very closely assoclated with the beginning of third-stage
creep im the blades. The limlted number of failures and the fact that
the elongation of anly two blades of each alloy was determined prevent
a more exsct prediction of the relation between creep, stress-rupture
properties, and blade life. It should be noted that the first fallures
of both the Stelllte 21 and Hastelloy B blades were anomalous in the
sense that they were not of the stress-rupture type, although the
Hastelloy B blade 414 FPail within the time predicted by stress-rupture
tegts. - The simllarity of these two fallures is spparently significant.
Both were probably the result of vibratory stresses superimposed on
the centrifugal stresses. These blades represeited only 3.7 percent

of each blade sample, however, ‘and therefore were not characteristic:
of all blades of the alloys. Any of the following Ffactors could have .
caused these blades to become susceptible to vibratory-stress failure:
(1) flaws in blades not detectable by regular inepection; (2) undetect-
eble surface dsmage; and (3) umisual vibratory stresses. The cause of
these fallures should be determined so that they can be eliminated to
allow alloys to perform as turbine blades to their full life as pre- -
dicted by their elevated-temperature stress- rupture snd creep properties.

It should be emphasized that the results of thils investigatlion were
obtained 1n a specific turbojet engine. With changes in the design of
this engine_or in other types of engine, operating conditions may pro-
duce different results so that a prediction of materigl blade life may
depend on properties other than those determined in this investigation.

SUMMARY OF RESULTS

The following Tesults were cbtained from a cyclic evaluation of
the alloys Stellite 21 and Hastelloy B as turbine blades in a J33-9
engine at & rotor speed of 11,500 rpm and a gas temperature at the
exhaust-cone ocutlet of 1250° F. For these operating conditions, the
egtimated conditions in the zone of blade failure were a maximum _
temperatire of 1500° F and a stress of 25,000 pounds per square inch
for the Hastelloy B blades and a stress of 21 000 pounds per square
inch for the Stellite 21 blades.

1. The expected minimum life of the turbine bladee at the con-
ditions in the zone of blade failure on the basis of stress-rupture
tests on specimens cut from turbine blades was 10.3 hours for
Hastelloy B and 21 hours for Stellite 21.

2. The first blade failure of the Hastelloy B blaedes occurred
after 14.25 hours (57 cycles). The first Stellite 21 blade failure
occurred after 18.75 hours (67 cycles) of operation. Both failures
started at the tralling edges sbove the zope of maximum temperature
and high stress and were probably the result of excessive vibratory
stresses. . . _.

2912
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5. Intercrystalline cracking of the stress-rupture type was
detected in both slloys after 16.75 hours (67 cycles).

4. Additlonal failures occurred in Hastelloy B blades after
18.47 hours (<74 cycles) and 28.75 hours (115 cycles). These
resulted from the propagation of the previously formed intercrystalline
cracks by both fatigue and stress-rupture mechanism. At the conclusion
of 28.75 hours of operstion, 24 of the original 27 Hastelloy B blades,
which hed not failed, had stress-rupture-type cracks.

5. No additional Stellite 21 fallures occurred up to 28.75 hours
(115 cycles) except two blades that were fractured by impact with the
fractured half of a Hastelloy B blade. At the conclusion of 28.75 hours
of operstion, four of the original 27 Stellite 21 blades had stress-
rupture-type cracks.

lLewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio. )
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TABLE I = STRESS=RUPTURE LIFE OF BLADE SPECQIMENS
AT TEMPERATURE OF 1500° F

Stress Rupture 1ife
(1b/sq in,) (hr)
Hastelloy B|[Stellite 21

20,000 R 55,0
20,000 mmze 43,0
2Q,00Q —— 55,0
2Q,000 ——— 38,2
22,000 —— 35,0
22’000 knl - & 19.3
22,000 _—— 20,4
22,000 m——— 21,3
30,000 e 12,0
30,000 ——— 6,0
25,000 15,4 S
25,000 12.1 S
25,000 10,3 -
25,000 18,4 ————
25,000 19.92 —-————

2912
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'.l‘urbin( blndcs

Failure

Allo¥ Biade| Tize at Obigin macriptio;x af faiiure Apparent ocsuse of FalilliFeP
rnt?d gpgad of railured urface propagation
hr
Hastelloy B| 14° 14.25 Trailing-adge|Partly smooth and partly rough ganuc" atalline| vibratory strasged uungigs_
. crdck appestrance (see fig. 1) . g{ aspd on_ centrilugsl stfeasd
R ?:‘at gge)
Stellite 21| Z5° 18.75 Tratling-edge] Fricturé path dt dngle to Transcrysteliine| Vibratory straag 8 bnpnbh-
fracture hopizontal. Fracture started (fig. 10 sed on centri stresd
with zone with smooth cry| tal- fatigue)
line facets then changed
zoue of rough surface (n;. gta))
Hastelloy B{ 4 16:75 Leading-edge Intercrystalline| Centrifugal stréss (atréss
& cracks {r1g. ’ rupture
ge {for example,
10¢ fig. 11(3 )
l2¢
18
18
20¢
2.
306
Sze
34
36°
39¢
48¢
48
50c
52
54
Stellite 21| 17¢ 16.75 center Intercrystalline} Centrifugal stress (stress
210 ceracks rupturs}
(awey from
edgen}
Hastelloy B| 4¢ 18.47 Leading-edge | Fracture started normal to edge Intercrystalline]|Centrifugal stress at ori-
. fractured from point where crs&qk was changing to gin, fracture then propa-
observed then chenged dirsction transcrystalline, ted to vibratory strassies
and moved at angle with hori- (fig. 13) ?trux rupture to fatigue)
gontal. 'The surface in riat
portion of fracture has
concentric~ring markings typiocal
:1‘ fatigun failure. The remain-
ng surface has coarse appearance
(ﬂ.ga 11{b) and 11{c)).
Eastelloy B} 34¢ 18.47 Extension of | Same as start of fracture in Intererystalline|Same as preceding blade 4
leading-edge |blade 4 (fig. 11(d}) changing to
crack transcrystalline
{prack only) (fig. 15)
Hastelloy B | 54% 28.75% Lcudins-adgt Fracture path at angle to Intercrystalline|Cantrifugal stress (stress
fracturs horizental from point where crack ruptura)
was observed. Entire surface has
coarse appearance (fig. 11(0?}
Hastelloy B 2 28.75 Leading-edge Intcrcryltulinc Centrifugel stress (stress
2¢ oracks - (r1g. 12) rupture
26
28
Stellite 21 1 28.75 Fracture Irregular fracturs surface hav- Transorystalline| Impact with failure frag-
3 origin not ing coarse dppeardnce (figs. 9(b) ments suggested by olose
determinable |and 5(c)} proximity of failures as
shown in fig. 14
Stellite 21 | 33 28.75 Center Intercrystalline| Centrifugsl stress (stress
45 cracks rupture}
(away from
edges)

8pgeed on results of prefailure inspection and oxide coloring.
bBased on faillure propagation in stress-rupture tests and appearance of fraocture surface.
CBlade replaced with new blade.
dPailures at points of previously noted cracks.
eTest was concluded at this time because of severe damage to remaining blades in rotor.

W
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C-20222

Figure 1, - Turbine rotor of Timken alloy before operation, alternately bladed with
Hestelloy B and Stellite 21 turbine blades.
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Figure 2, - Location of scribe marks on convex side of
turbine blade for measurement of elongation,
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Figure 4, - Average centrifugal stress distributions in Hastelloy B and
Stellite 21 turblne blades at rotor speed of 11,500 rpm.
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A
C-27211

Figure 5., - Intercrystalline fracture 1n Hastelloy B stress-rupture specimen, Eiched in
solution of aque regia in glycerine, X50. N N
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Figure 6. - Intercrystalline fracture in Stellite 21 stress-rupture specimen. Electro-

lytically etched in solutlon of 1l0-percent nitric acld and l0-percent ethylens glycol
In ethyl alcohol. X50,
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INGHES |

Flgure 7. - Trailing-edge orack in Hastelloy B blade 14 after 14.25 hours (57 oycles)
of operation. (Fracture surface of crack at X5 shown in inset.)
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Figure 8. - Transcrystalline trailing-edge crack In Hastelloy B blades 14 after 14.25 hours
(57 cycles) of operatiom. ZEtchant, ague regia in glycerine, X250,
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TTRAR

c-27214
(&) Blade 25 fractured after 16,75 hours (67 cycles) of operation.

Pigure 9, - Frectured Stellite 21 blades,
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(b) Blade 3 fractured after 28,75 hours (115 cycles) (c) Blade 1 fractured after 28.75 hours (115 cycles)
of operation, of operation.
N
Figure 9.-Conclnded. Fractured Stellite 21 blades. W
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~.
C-27220

Figure 10. - Trangclystalline path in Stellite 21 fracture blade 25 after 16.75 hours
(67 ¢yclea) of operation. ZRlectrolytically etched in 10 perceni nitric acid and 10
percent ethyleme glycol. X50,
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(a) Blade 52 after 28.75 hours (115 {b) Blade 3 fractured after 28.75 hours
cycles) of operation. (115 oycles) of operation.

(c) Fracture surface of blade 4 (fig. 11(b)}. x2. ~NACA -7
C.27218

Figure 11.. - Frectured and cracked Hastelloy B blades.
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(4) Blade 34 after 18.47 hours (74 cycles) {e) Blade 54 fractured after 28,75 hours
of operation. (115 cyoles) of operation.

Figure 1l. - Concluded. Fractured and oracked Hastelloy B blades.
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ee——
~NACA

C-27218

(v} x250.

Figure 12, - Typlcal intercrystalline leading-edge cracks in Hastelloy B blades, ZEtchant,
agqua regia in glycerine.
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(b} Transorystalline failure path in zone of fatigue of cracked blade 34,
Etchant, agua regia in glycerins,

Figure 13.-Failure progression in Hestelloy B blades.
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C- 23441

31

Flgure 14, - Fractured bladss at oconclusion of operation.
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Elongation in 1/2 in, of blade, percent

NACA RM E51D16
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Figure 15. - Elongation distributions along turbine blades.
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Flgure 15. - Continued. Elongation distributions along turbine blades.
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Flgure 16, - Blade elongation during turbine operatlion for
those sectlons having greater than 1 percent elongation,
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(b) Hastelloy B blade 54.

Figure 16. - Continued., Blade elongation during turbine operation
for those sections having greater than 1 percent elongation.



NACA RM E51DL6 I 37

Gage section
o 2
O 3
o 4
A 5
P Entire blade
3
& |
§ 2 ‘?__,—/ |
b =
C? Was
o
o
4; 1 D o ——
@ ﬂ ﬁ—"%ﬁ’ 5
—V
0
(¢) Stellite 21 blade 27.
3
[ /
/
2 "]
0 2 V.S A
o W
1
Q
a
- ____———-_{r
[
= l‘{///)v ol et | | —4
o g //
w0 :::Ei
5 / — K/
o - ol
= & E:;EEE A ‘1‘!“;;!'P’
o} 10 20 30

Time, hr

(d) stellite 21 blade 13.

Figure 168. - Concluded., Blade elongation during turbine operation
for those sectlons having greater than 1 percent elongation.
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Reduction in area, percent
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Figure 17. - Reduction in area 1r. Hastelloy B blade after .
28.75 hours (115 cycles) of operation.
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C-2722t

Figure 18, - Surface condition of Stellite 21 blade after 28.75 hours (115 cycles) of
operation.
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Figure 19. - Hardness distribution for blade after 28.75 hours (115 cycles)
of operation.
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100 pe—L [o) Stress-rupture data on specimens cut from blades
8 0 Blades badly cracked or fractured in engine
0 Lol Blades with small stress-rupture cracks
----- Stress-rupture data of manufacturer for forged
" 60 blade (heat-treated 30 min at 2125° F, air-
cooled; heated 72 hrs at 1700° F, air cooled)
—— Stress-rupture band from reference 6 for as-cast
specimens from same mold
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Figure 20. - Comparison of stress-rupture propertles and engine blade life at
temperature of 1500° F for alloys Hastelloy B and Stellite 21.

NACA-Langley - §-22-51 - 380



""':* i B=

35 2281




